Cattails (Typha spp.) have become an increasingly dominant component of wetlands in eastern North America and this dominance is largely attributable to the high frequency of Typha × glauca, the hybrid of native Typha latifolia and putatively introduced Typha angustifolia. Hybridization in this group is asymmetric, with T. angustifolia nearly always the maternal parent of F1 hybrids. However, the magnitude of hybrid infertility and whether mating asymmetries extend to the formation of advanced-generation hybrids have not been examined. We used hand-crosses to measure seed set and germination success. We found that mating asymmetries extend to the formation of backcrosses, with ~0 seeds set when T. latifolia was pollinated by hybrid cattails. Seed set was unaffected by pollen source for T. × glauca or T. angustifolia. However, seed production by T. angustifolia was consistently high while that of T. × glauca was variable and when pollinated by other T. × glauca more than 75% lower than for any other intraspecific cross indicating reduced hybrid fertility. We used these results to parameterize a model of hybrid zone evolution in which mating patterns and fertility were governed by interactions between alleles at nuclear and cytoplasmic loci. The model revealed that asymmetric mating and reduced hybrid fertility should favor the maintenance of T. latifolia over T. angustifolia compared to null expectations. However, the model also indicated restrictive conditions for the long-term maintenance of T. latifolia within populations, indicating that asymmetric mating might only stall rather than prevent the displacement of native cattails by hybrids.
Interspecific hybridization is increasingly recognized as an important evolutionary process (Abbott et al. 2013) . Hybridization and subsequent introgression may erode species boundaries (Martin et al. 2006) or promote phenotypic diversity by introducing new genes or gene combinations into parental genomes (Rieseberg et al. 2003) . At least 2 mechanisms affect patterns of hybridization and introgression within a species complex: the direction of gene flow and the magnitude of selection against hybrids (Barton and Hewitt 1985) . The direction of gene flow and introgression is commonly asymmetric (Tiffin et al. 2001) , reducing the frequency of F1 hybrids (Natalis and Wesselingh 2012) . Additionally, asymmetries in the formation of backcrosses can cause disproportionate gene flow between parental species (Arnold et al. 2010) , such that one species may be at greater risk of genetic assimilation (López-Camaal et al. 2014) . Reduced hybrid fertility also restricts opportunities for backcrossing and subsequent introgression, further affecting the movement of genes between hybridizing species (Turner et al. 2012) .
The evolutionary fate of hybrid zones can be of particular interest when hybrids involving at least one introduced species threaten to displace native taxa (Schierenbeck and Ellstrand 2009) . Indeed, it is becoming apparent that the formation of these novel hybrid lineages can increase the invasiveness of a species complex (Hovick and Whitney 2014) . Hybridization might contribute to invasiveness because of novel genetic combinations (Rieseberg et al. 2003; Rieseberg 2006) , heterosis (Vilà and D'Antonio 1998) , or an increase in genetic diversity, any of which might promote the colonization of novel habitats (Rieseberg et al. 2007 ). Moreover, hybrids frequently possess traits commonly associated with invasiveness (e.g., greater size, fecundity, and growth rate) to a greater degree than their parental species. In a meta-analysis of 15 invasive hybridizing systems, Hovick and Whitney (2014) found that hybrids commonly had higher fecundity and were larger than their parent species, with size differences being even greater in plant species capable of clonal growth. Numerous examples of the association between hybridization and increased invasiveness (Schierenbeck and Ellstrand 2009) highlight the need to better understand mechanisms behind ongoing hybrid formation and introgression.
We studied cattails (Typha; Typhaceae) to examine how mating asymmetries and the magnitude of hybrid infertility affect the evolution of a hybridizing species complex. Cattails are among the most aggressive invaders of wetlands in North America (Galatowitsch et al. 1999) , and hybridization appears to contribute to their invasiveness (Galatowitsch et al. 1999; Travis et al. 2010) . Typha species in northeastern North America comprise Typha latifolia L. (broadleaved cattail) which is native to North America (Shih and Finklestein 2008) ; Typha angustifolia L., which was likely introduced from Europe ; and Typha × glauca Godr., which is a hybrid of T. latifolia and T. angustifolia (Smith 1967) . The ranges of both T. latifolia and T. angustifolia in eastern North America have been expanding for over a century, and the distributions of the 2 species now overlap substantially (Shih and Finklestein 2008) providing increased opportunities for hybridization. Indeed, T. × glauca has been increasing in prevalence in northeastern North America over the last century (Galatowitsch et al. 1999) , including areas around the Great Lakes where T. × glauca is often the most common cattail Kirk et al. 2011; Freeland et al. 2013) . Typha × glauca dominates wetlands through copious litter formation that limits the growth of other plants (Larkin et al. 2012) , higher rates of clonal growth (Bunbury-Blanchette et al. 2015) , and greater height compared to parental species (Zapfe and Freeland 2015) . Substantial clonal richness Kirk et al. 2011 ) and large clone sizes of T. × glauca indicate that F1 hybrids are repeatedly formed through sexual reproduction and therefore a clear understanding of mating patterns is needed to generate predictions of the composition of cattail populations in eastern North America.
Hybrid cattails were once thought to be largely sterile (Smith 1967) , but data from population genetic surveys have shown that advanced-generation hybrids and backcrosses to both T. latifolia and T. angustifolia are common in the Great Lakes region (Kirk et al. 2011; Travis et al. 2011; Freeland et al. 2013) , indicating some degree of hybrid fertility. Clearly the hybrids are fertile, at least to some extent; however, the seed fertility of hybrid cattails in comparison with parental lineages is not known. Moreover, the initial formation of F1 hybrids is highly asymmetrical: F1s are formed almost exclusively with T. angustifolia acting as the maternal parent (Smith 1967; Kuehn et al. 1999; Ball and Freeland 2013) . The population-genetic data indicates that backcrosses to T. angustifolia are more common than those to T. latifolia suggesting mating asymmetries in subsequent generations (Kirk et al. 2011; Freeland et al. 2013 ). However, a preliminary investigation of cpDNA sequences revealed that asymmetries in backcrossing are not as strong as those in F1 formation . The recent documentation of backcrosses and advanced-generation hybrids indicate a need to better understand patterns of mating and hybrid fertility, both of which are expected to affect evolutionary dynamics within this species complex, including the persistence of native T. latifolia in eastern North America.
In this study, we quantified the extent of asymmetric mating and backcrossing within this hybridizing cattail species complex to examine how these processes affect patterns of sexual recruitment in cattail stands. First, we compared the seed fertility of parental and hybrid cattails using hand pollinations conducted in the field. Because hand-crosses can remove pre-pollination barriers to seed formation, we also obtained data from open-pollinated plants from Typha stands to quantify the seed set of maternal taxa in the field. We then evaluated whether the seeds from different crosses differed in their percent germination. Our results revealed that 1) hybrids are roughly half as fertile as parental species, 2) mating barriers between species are primarily governed by barriers to seed formation, not germination, and 3) mating asymmetries extend beyond the formation of F1 hybrids. To evaluate how these patterns of cross-compatibility and seed fertility might affect the persistence of T. latifolia in mixed stands, we used our crossing results to parameterize a model of hybrid zone evolution. The model was used to predict changes in stand composition across generations from observed patterns of cross-compatibility, and therefore, whether patterns of asymmetric mating can be expected to accelerate or delay the loss of T. latifolia under recurrent hybridization and sexual recruitment.
Materials and Methods

Controlled Crosses
Controlled crosses were performed using cattails from each of 7 different populations near Peterborough, Ontario (44.3°N, 78.3°W; Supplementary Table S1 ). Cattail populations in this region are characterized by extensive mixing of different species and many sites have all 3 taxa (i.e., T. angustifolia, T. × glauca, and T. latifolia; McKenzie-Gopsill et al. 2012) . Accordingly, all but 2 sites used in this study were composed of all 3 taxa, although not all taxa at a site were necessarily used in our crosses (Supplementary Table S1 ). Sites were selected based on prior knowledge of their composition of Typha taxa (McKenzie-Gopsill et al. 2012; Ball and Freeland 2013; Ahee et al. 2015) . Prior to hand-pollination, preliminary species assignments were made in the field using leaf morphology and the size (or absence) of the gap between staminate and pistillate flowers. However, cattail taxa can be hard to distinguish in mixed stands and morphological characters available before anthesis can be unreliable especially in sites containing advanced-generation hybrids. Accordingly, molecular markers were used to assist in species assignment (see below for further details). All possible combinations of maternal and paternal taxa were crossed for a total of 9 cross types and at least 6 replicates per cross type (Supplementary Table S1 ).
Flowering shoots (hereafter referred to as "plants") used as maternal parents were separated by at least 2 m within a site, and more commonly by a much greater distance. There was no set minimum distance between plants used as maternal and paternal pairs, however, the majority of crosses (81/92) were made between plants from different sites to decrease the likelihood of breeding among close relatives (Supplementary Table S1 ). Due to constraints on available pollen, 6/92 paternal parents were used in 2 crosses (5 T. × glauca, 1 T. latifolia). Crosses are listed throughout as maternal species × paternal species.
Pollen was collected from 19 June until 4 July 2013. Dehiscent staminate spikes were removed from plants and placed into 9.5″ × 11″ glassine envelopes that were stored in a fridge for up to 3 weeks. Buitinik et al. (1998) found T. latifolia pollen to retain approximately 90% viability when stored in similar conditions for up to 50 days. Plants that were to be used as maternal parents in controlled crosses were emasculated and the pistillate spike was covered with a Canvasback® pollination bag (Seedburo, Des Plaines, IL). This was completed before the pistillate spike had emerged from its sheath to ensure that flowers had not received any pollen. Hand pollinations were performed between 24 June and 8 July once bagged pistillate spikes had emerged from their sheaths. Pollen was brushed onto all sides of pistillate spikes using clean, 1-inch paintbrushes. Pistillate spikes were then re-bagged and left to develop fruits and seeds in the field.
Fruits were collected from 28 August until 15 October. Pistillate spikes were deemed ready for collection if seed dispersal seemed imminent (the fruit was soft and easy to pull away from the stem) or, in some cases, had already begun. Spikes were cut from the plant and placed into paper bags. Spikes were stored in the fridge at 4 °C for up to 4 months before all seeds (achenes) and fruit material were removed from the rachis and placed into sealed plastic bags for longer-term storage. Total weight of all seeds and fruit material from a pistillate spike was determined once fruits were removed from the rachis.
Seed Production and Germination
Seed production was quantified for a total of 92 crosses, of which 67 produced seeds and were used in germination trials. Because 1) seeds were processed in a way that might immediately stimulate germination (see below) and 2) the processing of all the seeds could not be completed simultaneously, germination was assessed in 9 replicate blocks, with each block established in approximately 2-week intervals between 25 February and 23 May 2014. The first 6 blocks were each represented by one replicate of each cross type. There were insufficient replicates of both the T. × glauca × T. angustifolia cross and the T. angustifolia intraspecific cross to include representatives in the remaining 3 blocks.
Before seed production or germination could be evaluated, seeds were removed from the perianth hairs and other nonseed parts of the fruits following Ahee et al. (2015) . Fruit and seed material was weighed prior to the separation of achenes from the perianth hairs (~0.50 g for each sample). Seeds were counted using a macro script in the image-processing software ImageJ (Rasband 2014 ; see Ahee 2013 for details on the use of this method for cattails). Following Ahee et al. (2015) the number of seeds per gram of fruit and seed material is referred to as "seed set".
Seeds were germinated in covered Petri dishes filled with deionized (DI) water. Dishes were placed on benches in a greenhouse where they were subject to ambient light and approximately 18-20 °C temperatures. Seeds were left to germinate for 1 week, with DI water being added to dishes as needed. A seed was considered to have germinated if the radicle had emerged. Seed germination was scored as the proportion of seeds that had germinated within a 1-week period.
Open-Pollinated Seeds
Open-pollinated seeds were collected from mature pistillate spikes from 5 mixed Typha stands in the Peterborough region (McKenzieGopsill et al. 2012; Supplementary Table S2) . We used spikes collected by and assigned to maternal taxon by McKenzie-Gopsill et al. (2012; T. angustifolia: n = 16; T. × glauca: n = 19; T. latifolia: n = 20) . We processed the seeds as outlined above. Germination success was assessed in the same manner as controlled cross seeds and replicate blocks (3) were completed over 3 days.
Assignment to Taxon
A leaf sample, approximately 7 cm in length, was taken from the tip of the youngest leaf of each plant used in the controlled crosses (for both pollen and seed parents). Samples were stored at −20 °C until being dried in an oven at 65 °C for 4 h. Approximately 3 cm of dried leaf tissue was ground with a Retsch® MM300 mixer mill (Haan, Germany). DNA was extracted using E.Z.N.A. Plant DNA Kit (Omega Bio-Tek, Inc., Georgia USA), following the manufacturer's instructions for dried samples, and eluted in a final volume of 100 μL.
We used allelic variation at microsatellite loci TA3, TA8, TA16, and TA20 (Tsyusko-Omeltchenko et al. 2003) to assign plants to 1 of 3 taxa (T. angustifolia, T. latifolia, or T. × glauca). Alleles at these loci have been previously shown to be specific to either T. latifolia or T. angustifolia (Snow et al. 2010; Kirk et al. 2011 ) and have been widely used to differentiate the 2 species (e.g., Travis et al. 2010 Travis et al. , 2011 McKenzie-Gopsill et al. 2012; Freeland et al. 2013 ). Genotyping methods followed Kirk et al. (2011) with the following modifications: each reaction included 3.0 mM Mg 2+ , 0.2 mM dNTPs, and 0.7 U HP Taq (UBI Life Sciences), and we used 1.0 μM primer when amplifying TA16. All plants were initially genotyped at loci TA3 and TA16. Plants with a mix of alleles from both T. latifolia and T. angustifolia were identified as hybrids and further genotyping was not carried out on these samples. Plants having alleles solely from either T. latifolia or T. angustifolia at the first 2 loci were genotyped at the remaining 2 loci (TA8 and TA20) to increase our confidence that the samples were indeed from nonhybrid individuals. In only 3.5% of cases did species assignments change when we increased the number of loci from 2-4.
Despite T. angustifolia being the maternal parent of all or most F1 hybrids (Smith 1967; Ball and Freeland 2013) , hybrids inferred to be backcrosses to T. latifolia can sometimes have T. latifolia cpDNA . Because cytonuclear incompatibility (CI) can influence hybrid fitness (reviewed in Burton et al. 2013) we used Sanger sequencing to identify whether 21 of the 29 hybrids used as seed parents possessed maternally inherited cpDNA (Corriveau and Coleman 1988) from T. angustifolia or T. latifolia. Sequence data were generated from a region spanning the trnL intron and the trnLtrnF intergenic spacer; in this region cpDNA from T. angustifolia has an "A" at nucleotide position 51114 and a "C" at nucleotide 51129 while cpDNA from T. latifolia has a "C" and a "T," respectively . Nucleotide positions refer to those in the complete T. latifolia chloroplast genome (GenBank accession number: NC_013823; Guisinger et al. 2010) . Each PCR reaction included 1× Dream Taq reaction buffer (Thermo Scientific), 2 mM dNTPs, 1 μM each primer (primers "c" and "f" from Taberlet et al. 1991), 1.25 U Dream Taq (Thermo Scientific), and approximately 5 ng of DNA in a final volume of 25 μL. Amplifications were carried out in an Eppendorf Mastercycler epgradient (Eppendorf AG, Hamburg, Germany) with an initial denaturation at 94 °C for 2 min, followed by 35 cycles of 1 min denaturation at 94 °C, 1 min annealing at 55 °C, and 2 min extension at 72 °C. This was followed by a final extension for 10 min at 72 °C. Samples were purified and sequenced following Ball and Freeland (2013) . Nucleotide sequences were edited and aligned in BioEdit (v. 7.2.5; Hall 1999) .
Statistical Analysis
Seed set and germination success following controlled crosses were analyzed using linear mixed effects (LME) models. For these analyses, maternal and paternal species assignments were treated as separate fixed effects. Maternal site of origin was included as a random grouping variable. Our initial analyses also included paternal site of origin as a random effect, but no variation was attributed to this effect and it was therefore removed from the final models. For the seed germination trial, block was included as an additional random effect. Seed set and germination of open-pollinated seeds were also analyzed using LME models. For these analyses, maternal species was the only fixed effect (paternal parent was not known for these seeds) and maternal site was included as a random effect, with block as an additional random effect in the germination model. We used restricted maximum likelihood estimation (REML) to fit each of these models and to estimate the variance components for the random factors. All LME models were evaluated for departures from model assumptions. To meet assumptions of normality and homogeneity of variances, the analysis of seed set from the controlled crosses was fourth-root transformed. No other variables required transformation to meet model assumptions. All statistical analyses were conducted using the lmer function from the lme4 package (Bates et al. 2014) in R (R Core Team 2014) and significance of fixed effects was evaluated using the package lmerTest (Kuznetsova et al. 2014 ).
Fertility Selection Model
To examine how patterns of mating compatibility might influence hybrid zone evolution, we used a fertility selection model in which mating and fertility were governed by interactions between speciesspecific alleles involving nuclear and cytoplasmic loci. As shown below, and elsewhere (Kuehn et al. 1999; Ball and Freeland 2013) , hybrid Typha have cpDNA that is almost exclusively identified as having come from T. angustifolia even in stands where there is overlap in flowering between taxa (Ball and Freeland 2013) suggesting that the cytoplasmic genomes of T. angustifolia may be compatible with a wider variety of nuclear genomes than T. latifolia. Indeed, CIs can be the cause of asymmetric hybridization (Greiner and Bock 2013) . Because asymmetric hybridization in cattails might be caused by CI, and because the patterns of cross compatibility uncovered here can easily be accommodated under CI, we assumed that the loci governing cross compatibility were located in both the nuclear and cytoplasmic genomes. Specifically, we assumed that cross-compatibility was determined by interactions between a single biallelic nuclear locus and each of 2 cytoplasmic genotypes. In applying the model, we were solely interested in examining how patterns of cross compatibility might affect inter-generational changes in the frequency of each taxon, and therefore, how mating incompatibilities might affect the maintenance of native T. latifolia in mixed stands under recurrent hybridization and sexual recruitment. Other details of cattail life history, and clonality in particular, were not considered in the model. We further assumed that selection operates only on seed fertility, that mating is random involving discrete generations, and that seeds, once formed, had equal germination success and survival.
The effects of asymmetric mating on the maintenance of T. latifolia were evaluated by comparing a model parameterized with the results of our crossing experiment to a null model in which there were no differences in mating compatibility or fertility among taxa. The models were based on standard fertility selection models (Bodmer 1965 ) but expanded to allow for cytonuclear interactions. We assumed there were 2 cytoplasmic genotypes, A and L corresponding to plants with T. angustifolia or T. latifolia cytoplasms, respectively, and that there was a single biallelic nuclear locus that exhibited Mendelian segregation, yielding 6 possible cytonuclear genotypes. The frequency of each cytonuclear genotype in the next generation was calculated as the sum of the products of the genotype frequencies of the parents in the current generation required to generate the genotype, the probability that a cross yielding that genotype was compatible, and the corresponding fertility coefficient from that cross, divided by the population size (Supplementary Material S3) .
Under the null model, mating was random and each cross produced equal seed regardless of cytoplasmic genotype and/or taxa of the parents. For the alternative model, we set mating patterns to reflect those found using our hand crosses. In particular, we assumed that crosses involving A ij maternal genotypes were compatible with any combination of nuclear loci. However, crosses involving L ij maternal genotypes were compatible only if the paternal parent was L LL , corresponding with our observation that seed set involving interspecific crosses to T. latifolia was effectively nil. This meant that all genotypes with L cytoplasms were also homozygous for L alleles at the nuclear locus (Supplementary Material S3). Under these rules, the following genotypes were possible: A AA (= T. angustifolia), A AL and A LL (hybrid genotypes), and L LL (= T. latifolia). We initialized populations by assuming equal frequencies of parental genotypes (A AA and L LL ; i.e., hybrids were only formed in the second and subsequent generations). We then relaxed this assumption to identify how starting conditions affected the trajectories of cattail genotypes. Because we used a single nuclear locus our model allows parental genotypes to be regenerated via crosses involving hybrid genotypes. The contribution of these introgressed genotypes to model outcomes was tested using runs of the model in which parental genotypes with hybrid parents were reassigned as hybrid genotypes (Supplementary Figure S1a) .
Results
Controlled Crosses
Patterns of seed set in controlled crosses were strongly asymmetrical. Typha latifolia plants produced no (or very few) seeds when crossed with pollen from any non-T. latifolia plants compared to nearly full seed set when T. latifolia was the sire ( Figure 1A ). In contrast, T. angustifolia produced numerous seeds regardless of the pollen parent ( Figure 1A ). Hybrid T. × glauca had consistently low seed set regardless of the pollen parent ( Figure 1A) . Together, these patterns resulted in a significant interaction between maternal and paternal species for seed set (F 4,81.19 = 7.42; P < 0.001). However, we also detected significant effects of the identity of the maternal (F 2,58.57 = 25.10; P < 0.001) and paternal (F 2,82.77 = 7.27; P < 0.001) parents. On the maternal side, these significant terms for the main effects appear to have been caused in large part by the consistently low seed fertility of hybrid T. × glauca and the uniformly high seed fertility of T. angustifolia. On the paternal side, however, this result appears to have been driven by asymmetric patterns of compatibility, with relatively low success of T. angustifolia pollen on (incompatible) T. latifolia and (relatively infertile) T. × glauca. Notably, of the 3 cross types involving T. × glauca as the maternal plant, seed set was lowest when seeds were sired by T. × glauca rather than by T. angustifolia or T. latifolia ( Figure 1A ). Maternal site explained 10.5% of the variation in seed set of controlled crosses (Table 1) .
Patterns of seed germination for the controlled crosses were broadly similar to those for seed set, with intraspecific crosses of T. angustifolia having the highest percent germination, regardless of the identity of the pollen parent (mean percent seed germination ± SE: 90.56% ± 4.65). Similarly, the T. latifolia × T. angustifolia cross had the lowest germination success (40.17% ± 20.42; Figure 1C ). As with seed set, maternal species had a significant effect on germination success (F 2,51.33 = 6.00, P = 0.004). However, neither paternal species (F 2,53.44 = 0.56, P = 0.572), nor the interaction between maternal and paternal species (F 4,50.81 = 1.48, P = 0.224) influenced the proportion of seeds that germinated. Across all cross types, seeds from T. angustifolia had 30% higher average germination success than T. latifolia (T. angustifolia: 85.9% ± 3.2, n = 24; T. latifolia: 65.9% ± 7.8, n = 20). The proportion of seeds germinated from T. × glauca mothers was intermediate to those from T. latifolia and T. angustifolia (77.9% ± 0.5, n = 23). Block was the only random factor that accounted for any of the variation in the germination model, explaining 10.5% (Table 1) . There was a general trend for higher germination success in later blocks and this effect appeared to be similar for all cross types.
Open Pollination
Patterns of seed set from open-pollinated seeds mirrored those from the controlled crosses, with uniformly high seed fertility for T. angustifolia and lower average seed fertility for both hybrid T. × glauca and T. latifolia ( Figure 1B) . These patterns yielded a significant effect of maternal species on seed set (F 2,49.9 = 22.81; P < 0.001 (Table 1 ). The identity of the maternal parent was not a significant factor in determining germination success of open-pollinated seeds (F 2,44.73 = 1.19, P = 0.313) which had an average germination success of 59% ( Figure 1D ). Block did not account for any of the variation in germination success of open-pollinated seeds, though as with the seed-set data, maternal site accounted for nearly one-third of the variation in seed germination (Table 1) .
Hybrid Genotypes
Of the 21 hybrids sequenced (which involved a mix of hybrid classes, including potential back-crosses), 20 had T. angustifolia cpDNA and the remaining one had T. latifolia cpDNA. The nuclear genotype of the latter comprised 2 T. latifolia alleles at each of 3 microsatellite loci, and 1 allele from each species at TA8, suggesting it was either a backcross to T. latifolia or an advanced-generation hybrid. The plant was used in a cross with T. latifolia and its germination success and seed set are within the range of those for other T. × glauca × T. latifolia and T. latifolia intraspecific crosses.
Fertility Selection Model
Patterns of asymmetric mating and reduced hybrid fertility favored hybrids and introgressed lineages of T. angustifolia when parental species each initially comprised 50% of the population (Figure 2A ). Specifically, hybrids rapidly increased in frequency but because hybrids have lower seed fertility than T. angustifolia they were then replaced by introgressed T. angustifolia (i.e., T. angustifolia genotypes reformed via crosses involving hybrids; cf. Figure 2A and Supplementary Figure S1a) . By contrast, because we assumed that T. latifolia does not produce seeds when pollinated by other cattails, T. latifolia genotypes cannot be reconstituted through crosses involving hybrids. As a result, nonintrogressed lineages of T. latifolia can be maintained indefinitely in populations where T. latifolia initially occurs at high frequencies. In particular, under model assumptions this can occur only if populations start with frequencies of T. latifolia ≥64% ( Figure 2B ). That asymmetric mating regulates the composition of mixed populations of cattails was further highlighted by comparison with the results of the null model, which yielded stable equilibrium frequencies of hybrids and (introgressed) T. angustifolia and T. latifolia genotypes after a few generations of mating ( Figure 2C ).
Discussion
Our results confirm the existence of strong asymmetries in the formation of F1 hybrids and demonstrate that these asymmetries extend to the formation of advanced-generation hybrids. They also provide a quantitative estimate of the magnitude of hybrid infertility, with hybrids roughly half as fertile as parental species in terms of their seed production. Because cattail populations are subject to recurring sexual recruitment Kirk et al. 2011; McKenzieGopsill et al. 2012) , the mating patterns and reduced hybrid fertility identified here are expected to have important consequences for the composition of mixed populations, and therefore the evolutionary stability of cattail hybrid zones. In particular, the restricted introgression of genes into T. latifolia populations and the reduced seed fertility of hybrid T. × glauca should promote the persistence of native cattails over (putatively introduced) T. angustifolia and delay the spread of the more invasive hybrid. These inferences are consistent with the relative frequencies of parental species of cattails in the study region, where T. latifolia greatly outnumbers nonintrogressed T. angustifolia (Kirk et al. 2011; McKenzie-Gopsill et al. 2012) . Asymmetrical hybridization in cattails is nearly complete and is driven by processes that occur after pollination. Seed set of T. latifolia was typically nil, or nearly so, when pollinated with anything other than pollen from other T. latifolia. Conversely, seed set of T. angustifolia and T. × glauca was largely independent of the pollen source. Although asymmetric hybridization is a common feature of plant hybrid zones (Tiffin et al. 2001) , it is not always as absolute as found here. For example, in sunflower hybrid zones of North America asymmetric hybridization between Helianthus petiolaris and Helianthus annuus is driven, in part, by pollen competition when stigmas receive mixed pollen loads (Rieseberg et al. 1995) . Populations of Ipomopsis aggregata and Ipomopsis tenuituba vary in the occurrence of asymmetric hybridization, but again pollen competition appears to govern asymmetric hybridization where it occurs (Aldridge and Campbell 2006) . In both cases, asymmetric hybridization is incomplete and requires mixed pollen loads on stigmas to occur, and therefore, the net direction of hybridization is determined by processes operating during pollination. Although there is some evidence that events during pollination can affect patterns of hybridization in cattails (Selbo and Snow 2004) , 3 lines of evidence indicate that asymmetric hybridization is driven by postpollination processes. First, a more recent study showed that flowering times of T. latifolia, T. angustifolia, and T. × glauca substantially overlap in our study region (Ball and Freeland 2013) , limiting the scope for processes occurring during pollination to cause asymmetric pollen movement. Second, our hand crosses demonstrated clear patterns of cross-incompatibility that were independent of natural pollen movement. Finally, patterns of open-pollinated seed set in the mixed stands studied here mirrored what one would expect under mixed pollination with different cattail taxa. In particular, seed set of T. latifolia was almost 75% lower under natural pollination than when hand-pollinated with intra-specific pollen suggesting that interspecific pollination in mixed stands reduces its seed set. Together, these findings indicate that the direction of hybridization in cattails is regulated by post-pollination processes that act to prevent hybrid seed formation by T. latifolia.
Patterns of hybridization in cattails appear to be governed not only by differences in seed production between parental species but also by asymmetries in seed germination and reductions in the sexual fertility of hybrids. Although asymmetric seed production can be driven by either pre-or postzygotic barriers to hybridization, reduced germination rates for T. latifolia × T. angustifolia seeds compared to T. angustifolia × T. latifolia seeds can only be driven by postzygotic barriers. Therefore, asymmetric hybrid formation in cattails is at least in part due to postzygotic processes. Such asymmetries in postzygotic isolation between species probably occur via nuclear-cytoplasmic interactions (Tiffin et al. 2001) and is consistent with the operation of Dobzhansky-Muller incompatibilities between alleles in these 2 genomic compartments (Greiner and Bock 2013), as we assumed in our model. Indeed cytoplasmic incompatibility appears to evolve readily among isolated populations (Greiner and Bock 2013) and if so, this would help explain the high frequency of asymmetric hybridization in the flowering plants.
A previous model of hybrid zone dynamics showed that the fate of hybrid zones is partly determined by the interfertility of hybridizing species and the numeric dominance of one species over another (Ferdy and Austerlitz 2002) . Although hybridization in that model was assumed to be symmetric, numeric dominance of one species over another can have an effect similar to asymmetric mating, with the less common species being assimilated via hybridization with the numerically dominant species (situation #2 in Ferdy and Austerlitz 2002) . Alternatively, if the 2 hybridizing species are fully interfertile, hybrid and introgressed genotypes rapidly displace parental species (situation #3 in Ferdy and Austerlitz 2002) . Although our parameterized model results yielded results similar to their situations #2 and #3, the mechanisms driving those outcomes were somewhat different. In particular, in our model introgression depended on the starting frequencies of the various lineages, and if T. latifolia was numerically dominant it persisted in the population. Moreover, the lack of barriers to hybrid seed formation for T. angustifolia resulted in its rapid genetic assimilation via introgression. Indeed, if we assume that introgression cannot result in the re-formation of parental genotypes, the frequency of T. angustifolia rapidly declines to zero, regardless of its initial frequency (Supplementary Figure S1b) . If we make the same assumption with T. latifolia initially dominant however, T. latifolia is still protected by its near inability to mate with heterospecifics and becomes fixed (Supplementary Figure S1c) . Taken together, our model leads to the following qualitative predictions: 1) T. latifolia should be more common than T. angustifolia, which is rapidly assimilated via hybridization in mixed stands; 2) large pure stands of T. latifolia that are resistant to persistent hybrid formation should occur; and 3) hybrid cattails should rapidly dominate populations whenever frequencies of T. latifolia fall below a threshold. The first 2 of these predictions are upheld, at least in our region; native T. latifolia is much more common than T. angustifolia and pure stands of T. latifolia occur. The third prediction cannot be evaluated without historical information on the relative frequencies of cattails across populations, however, the dominance of hybrid cattails in our region indicates that the eventual displacement of T. latifolia populations by hybrids might be a common occurrence.
Reduced hybrid fertility and asymmetric mating are each predicted to slow the spread of hybrids within stands in comparison with null expectations. Both patterns were evident in our fertility model and are expected from other genetic models of evolutionary dynamics in hybrid zones (Hall et al. 2006 ). On one hand, the importance of sexual recruitment in regulating the frequency of hybrid cattails makes it clear that asymmetric mating and reduced fertility should slow the spread of hybrids. In particular, low seed production by T. × glauca, particularly when pollinated by other hybrid cattails (and under open pollination, which suggests that under field conditions they are primarily pollinated by other hybrids) is indicative of impaired pollen (Dugle and Copps 1972) and ovule fertility. If so, one might expect that hybrid sexual fertility should decline as hybrids increase in frequency within a population. On the other hand, the magnitude of mating asymmetry and infertility among hybrid cattails clearly have not prevented hybrids from becoming the dominant lineage in the study region (Kirk et al. 2011; McKenzieGopsill et al. 2012; Freeland et al., 2013) . Hybrid vigor in early life stages, and increased growth and clonal reproduction compared to parental species may compensate for the effects of reduced hybrid fertility (Marques et al. 2011 ). Hybrid T. × glauca are larger (in terms of above-ground biomass; Bunbury-Blanchette et al. 2015) appear to have higher rates of clonal expansion (Bunbury-Blanchette et al. 2015) and are taller (Zapfe and Freeland 2015) than both T. latifolia and T. angustifolia. Enhanced vegetative performance can be expected to give hybrids a competitive advantage over parental species and in this complex may allow hybrids to become established in stands initially dominated by T. latifolia, contributing to the potential demographic swamping of T. latifolia. However, our data also indicate that hybrid seed fertility is frequency-dependent and should decline as they begin to dominate a population.
In the absence of specific processes that promote the maintenance of parental species, hybrid zones are evolutionarily unstable with hybrids eventually expected to replace parental species (Wolf et al. 2001 ). Native T. latifolia has greatly reduced compatibility with other cattails, which should slow the rate at which it is displaced from populations (and see Hall et al. 2006 ). However, unless there is habitat differentiation between parental species or some other process that prevents hybrids from occurring alongside T. latifolia, hybrids are expected to displace it. In our study region, there is no evidence for habitat differentiation among taxa (McKenzie-Gopsill et al. 2012; Zapfe and Freeland 2015) and mixed evidence for it in other areas . This, along with greater vegetative growth and clonal expansion of the hybrid compared to parental species Bunbury-Blanchette et al. 2015) , suggests that without active management targeted at protecting native cattails, strong mating asymmetries within this species complex are unlikely to preclude the replacement of T. latifolia by hybrids.
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